In this work an overall electronic structure including the position and formation energies of various intrinsic and extrinsic defects are computed for the undoped and (Nb, Ta)-doped anatase using Density Functional Theory aided by Hubbard correction (DFT+U). The intrinsic point defects considered here are, oxygen vacancy (VO), oxygen interstitial (Oi), titanium vacancy (VTi) and titanium interstitial (Tii). Additionally, this study investigated the interaction of the dopant atoms with these native defects. Out of all the intrinsic defects considered here, VTi and Tii are found to be most stable under equilibrium condition. Whereas, conduction band in undoped anatase is consisted of mainly Ti 3d with a minor component of O 2p states, valence band is found to be mainly composed of O 2p with a minor contribution from Ti 3d states. VO and Tii are found to form localized states in the band gap. In Nb-and Ta-doped anatase, hybrid states of Ti 3d and Nb 4d and Ta 5d and Ti 3d are found to form near the conduction band edge along with in the vicinity of conduction band, thereby reducing their band gaps as compared to undoped anatase. Moreover, Oi stabilized near the dopant atom, suggesting higher bond strength -2-
I. INTRODUCTION
Transparent Conducting Oxides (TCOs) are compounds that exhibit high optical transparency and electrical conductivity. These seemingly opposite properties are achieved by doping wide band gap oxides with suitable dopants. Whereas, the large band gap provides the oxide a high optical transparency, the dopants create impurity levels which generate charge carriers responsible for the high conductivity. In general, TCOs find a large number of applications in optoelectronic devices, like, thin film solar cells, light emitting diodes, display panels, etc., the most widely used in the industry being Sn-doped In2O3 (ITO) 1 . Although the high optoelectronic properties exhibited by ITO has made it the first choice in optoelectronic industry, its high cost because of the low concentration of indium in the earth's upper continental crust (~50 ppb) 2 has pushed researchers for designing alternative TCOs.
To this end, TiO2 is a chemically stable, low cost, non-toxic, wide band-gap semiconductor and has been mainly studied in the literature for the photocatalytic applications. 3, 4 Doping introduces additional energy levels, and depending on the position, either it could make this material even more attractive for photocatalytic application (by lowering the conduction band edge) or can make it an effective TCO by adding charge carriers into the conduction and/or the valence bands without compromising on its transmittance. Moreover, it would be interesting to see if anatase can be designed, where both these properties can co-exist. Out of all three thermodynamically stable phases, anatase is favoured both for the photocatalytic and the TCO applications because of its relatively higher activity and lower electron effective mass as compared to others. 5, 6 Though several experimental reports exist in literature, most of these are found to focus only towards fabricating undoped and/or doped anatase for these applications, without providing a detailed scientific background. 7, 8 Fundamental understanding of this material system is necessary to design high quality materials for respective applications. Moreover, a large number of native point defects can be present in anatase, which then modifies the electronic structure for both the undoped and doped anatase systems, thereby significantly altering the optoelectronic properties. Furthermore, process parameters could significantly vary the microstructure of the synthesized materials, thereby also affecting their optoelectronic properties.
To this end, ab initio (first principle) calculations not only help in the understanding of how the defects (intrinsic and extrinsic) affect the electronic structure of materials at the atomic level (and hence their optoelectronic properties), but also provide insights into how those properties might be improved. Though a range of first principle studies using density functional theory (DFT) have been carried out in the literature for the undoped and doped anatase, the obtained results were found to contradict, which could be attributed to the use of computational methodology in DFT. 9 In this regard, Phattalung et al. computed the native defects in anatase using Local Density Approximation (LDA) exchange correlation functional and found none of these four defect states (i.e., oxygen vacancy (VO), oxygen interstitial (Oi), titanium vacancy (VTi) and titanium interstitial (Tii)) being formed in the band gap. 10 However, experimental data had earlier revealed formation of mid-gap states in these systems, and therefore this discrepancy could be assigned to the incorrect self-interaction error of these functionals in DFT. 11, 12 Note here that, the more advanced methods like DFT + U and hybrid functionals could correctly predict the existence of mid-gap defect levels due to native defects and could also predict the band gap accurately to a certain extent. To this end, Morgan et al. used GGA + U in their calculations and found localized mid-gap states being formed due to the neutral oxygen vacancies and titanium interstitials, both in anatase and in rutile. 13 Delocalized resonant states were predicted for Nb-doped anatase system, thereby suggesting n-type TCO for this system. 14, 15 J. Osorio Guillen et al. identified two types of behaviour for transition metal impurities in oxides; (i) in which the delocalized states were formed inside the conduction band thereby making the transparent material conductive and (ii) in which a localized mid gap state could form which then could transform the magnetic properties of the host material, 16 indicating the energy of the outer d electrons of the impurity atom playing a decisive role on the eventual position of this defect state.
Most of the published works till date have either investigated the effect of (neutral) native defects or the effect of dopants on the electronic structure of anatase in an isolated manner. In this paper we used GGA + U approach in DFT to calculate the position and formation energies of various intrinsic (neutral as well as charged) and extrinsic defects for the undoped and of (Nb, Ta)-doped anatase. Apart from understanding the electronic structure of these systems individually, in this study a combination of these two defects (i.e., one native defect and the other extrinsic defect) was used to see the interaction between the native defects with those of the dopants in altering the electronic properties of these systems. Formation energy of all these native defects was calculated to understand the stability of these defects under different conditions. Finally, an alignment of band diagrams for all the intrinsic and extrinsic defect states is performed using vacuum potential from slab-supercell calculation as reference.
II. COMPUTATIONAL DETAILS
Here the electronic structure of pure anatase, along with those for the various intrinsic and extrinsic electronic defect states were calculated using density functional theory (DFT) implemented in Quantum ESPRESSO software suite. 17 Whereas, neutral and charged states of the oxygen vacancies (denoted as V " , V " #$ , V " #% , thus the charge state varying from 0 to 2), oxygen interstitials (O ' ), titanium vacancies (V (' ) and titanium interstitials (denoted as Ti ' , Ti ' #$ , Ti ' #% , Ti ' #+ , and Ti ' #, , with the charge states varying from 0 to 4) were used as the intrinsic defect states, Nb and Ta dopants were used as the extrinsic defects. Here, a 2 × 2 × 2 supercell (constructed from the conventional cell of anatase) with a tetragonal structure [see FIG. 1(a)], which contained a total of 96 atoms (i.e., Ti32O64) was used for the computation. Moreover, here
Generalized Gradient Approximation (GGA) Perdew-Burke-Ernzerhof (PBE) was adopted for the exchange-correlation potential. 18 Note that, standard DFT functionals tend to delocalize electrons over the crystal and hence, are not represented correctly only by these functionals, particularly for the material systems which contain transition elements with partially filled d or f orbitals. Hence along with GGA-PBE, a Hubbard-like (U) correction term, which accounted for the columbic repulsion of these localized d or f electrons was used here; henceforth denoted as DFT (GGA) + U approach. 19 The reported U value of 4.2 eV was used here to do the present calculation. Note that this value was used in the literature to calculate the lattice parameter, bulk modulus and defect states of surface oxygen vacancies in anatase using DFT (GGA) + U approach, and these calculated data were found to be in agreement with those of the experimental results and/or those calculated using the hybrid DFT route. 20 
aU ≤ aU,efgh 
where, E is the energy of the electron at wave vector k in a particular band,
• c € •h c represents the curvature of that band and ℏ is the reduced Planck's constant (1.054 × 10 =+, J. s).
Finally, for aligning the band diagrams for different systems, vacuum level calculations were performed using the slab-supercell model. Slabs with nine layers of atoms (with the atomic layers of (001) miller plane) and vacuum of 20 Å width on both the sides were used here.
Convergence for the work function of pure anatase was checked with respect to the length of the vacuum and was found to be same up to the second decimal places irrespective of vacuum lengths of 19 and 20 Å, thereby making 20 Å a reasonable choice for vacuum level calculations.
The work function of pure anatase was found to be 5.80 eV which is close to the experimentally measured vaue of 5.35 eV, indicating these calculations to have sufficient accuracy. 23 Since all the systems should have the same vacuum energy level, this level was used as the reference for band alignments. The band structure of pure anatase is shown in FIG. 2(a) . Whereas, the conduction band minima (CBM) was found to lie at Γ or the centre of the first brillouin zone (marked as P1 in FIG. 2(a) ), the valence band maxima (VBM) lied in between the K Points of Γ and M (marked as P2 in FIG. 2(a) ), indicating that anatase has an indirect band gap (Eg) of 2.44 eV. This is an underestimation with respect to the experimentally reported value of 3.4 eV for this system. 26 Note that, this mismatch arises primarily from the self interaction error in DFT for using the highly localized d and f orbital electrons. Although this error can be reduced by using the GGA+U approach, depending on the type of calculation (i.e., DFT, DFT+U, or DFT using 
III. RESULTS AND DISCUSSIONS
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Pure anatase (undistorted lattice) . 5(a) ) were found to move towards VO in order to minimize the total energy of the system. Usually in literature, Tii was seen to be placed at the centre of the distorted octahedron of the oxygen atoms in the anatase lattice. 13 However, we used two approaches in our calculation. In and allowed to relax to reach its lowest energy configuration. The second one followed the widely adopted literature approach, where the total energy calculation for anatase with Tii at the centre of the distorted octahedron was carried out. The total energy of the first configuration was found to be slightly lower (by 0.23 eV) than that of the second one, suggesting increased stability of the first configuration over the second one. Hence, all further calculations here were carried out using the first configuration only. The neighbouring Ti atoms near Tii (Ti1, Ti2, Ti3 and Ti4)
were found to move outwards due to mutual repulsion among Ti atoms (see TABLE II) .
Whereas, the two O atoms present in the apical positions [i.e., O1 and O4 in FIG. 5(b) ] were seen to be pushed away from the interstitial site, the other four oxygen atoms in the neighbourhood (i.e., O2, O3, O5 and O6) were found to move towards this interstitial site due to attraction from Tii (see TABLE II) . 33 The geometry in its neighbourhood was only found to be slightly affected, with the neighbouring Ti atoms (Ti1, Ti2, Ti3) being moved slightly outwards (see TABLE II ). In anatase with VO, this analysis showed a reduction in the positive charge on defect associated 
Neutral and Charged Oxygen vacancies ( , # , # )
As oxygen atom has the valence state of two, VO in anatase would create two unpaired 
Neutral and Charged Titanium interstitials ( ,
A neutral Ti atom has a valence state of four, hence one Tii in anatase would result into four unpaired electrons. The band diagram of anatase with Tii clearly showed the formation of midgap defect state which was found to spread over a very small energy range indicating a higher degree of localization [see FIG. 9 ]. However, EF was found to lie in the conduction band, which is adjacent to CBE, indicating some of these excess charge carriers (or unpaired electrons of Tii) being delocalized, while the rest could be localized and present in the mid gap defect state. EF was found to locate at the edge of the mid gap state [see FIG. 10(d) 
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C. Stability of native defects
The dominant defect types under various conditions were identified here by comparing their formation energies. FIG. 12(a) . 12(a) ], Ti ' #, was found to be the most stable defect state for EF between 0 and 2 eV, which altered when EF got close to the CBM (i.e., for n-type semiconductors), where V (' =, became more stable. Furthermore, in this region, the stability of O vacancies was found to be higher than that of Ti interstitials. In our calculation, O interstitials were found to have a positive formation energy for both these conditions and thus were unlikely to form spontaneously under equilibrium conditions. For a wide range of EF values (from 0 to ~2.4 eV), neutral state of O interstitials was found to be more stable as compared to its other charged states and hence were likely to bind with a lattice oxygen atom and form a dimer configuration.
Although oxygen vacancies were not the most stable defect states in any of the two conditions, these in the form of V " #% were found to have a negative formation energy for EF ranging between 0 to 1.2 eV in O-poor conditions [FIG. 12 (a) ], and hence are likely to form.
The charge transition levels of O vacancies (ε(+2, +1) and ε(+1, 0)) were found to lie only slightly below the CBM (~ 0.16 eV; see TABLE IV) indicating these as shallow donor defects, hence making these electrons ionize easily and thereby leading to intrinsically n-type conductivity in anatase. Similarly, out of four transition levels of Tii, two (i.e., ε(+4, +3) and ε(+3, +2)) were found to locate close to the CBM, whereas the other two (i.e., ε(+2, +1) and ε(+1, 0)) lied in the conduction band, thereby clearly indicating Ti interstitial to provide n-type conductivity to anatase. Note that, the transition levels of Ti vacancies (from ε(0, -1) to ε(-3, -4)) were found to lie almost at the valence band edge, indicating these as shallow acceptors. Finally, the transition levels of O interstitials (ε(0, -1)) and ε(-1, -2) were found to lie ~ 0.08 eV below the CBM. Moreover the stability of -2 charged state of O interstitials near the CBM could imply O interstitials being present as the acceptor states, however note that these would be very unlikely to form due to their high formation energy.
Note that, in O-poor condition, donor type defects (O vacancy and Ti interstitial) were found to have a lower formation energy than those of the acceptor type defects (Ti vacancy and O interstitial) for EF in the range of 0-1.8 eV [see FIG. 12(a) ]. This could then lead to an incomplete compensation of the electrons (induced by the donor-type defects) by the holes (induced by the acceptor-type defects), thereby making anatase intrinsically n-type, reason behind the growth of intrinsically n-type anatase for oxygen deficient samples. However, in Orich conditions, the acceptor-type defect states (mainly Ti vacancy) was found to be more stable, which could make anatase p-type [see FIG. 12(b) ] under these conditions.
D. Extrinsic defect states in anatase and their interaction with native defects
In this computational work, Nb and Ta were chosen as the extrinsic dopant atoms. Note that, these dopant atoms can substitute either Ti or O atom in the anatase lattice to create the substitutional defects of NbTi, NbO, TaTi, or TaO respectively. Whereas, the formation energies of NbO and TaO were found to be 10.14 and 11.54 eV respectively, these for NbTi and TaTi were found to be -3.46 and -4.42 eV respectively, hence leading substitution of these dopants at Ti lattice site only. Moreover, the formation energy of TaTi (i.e., -4.42 eV) was found to be lower than that of NbTi (i.e., -3.46 eV) indicating higher solubility of Ta in anatase lattice than that of TABLE V) to accommodate the larger sized dopant atoms than the host Ti atoms (atomic radii of Ti, Nb and Ta being 1.40, 1.45 and 1.45 Å respectively). 34 This suggested easy incorporation of Nb and/or Ta atoms in the anatase lattice, which was also evident from their negative formation energies. In our calculation, Ti atoms were found to relax more than O atoms, which could be because of the repulsion between these positive dopants and the host Ti atoms. 13 and FIG. 14] . EF for NbTi and TaTi was found to lie at 0.31 and 0.28 eV above CBE respectively indicating the excess electrons from these dopants being occupied at the bottom of the conduction band, thereby making doped anatase a metal-like system. These observed induced n-type conductivity in (Nb, Ta)-doped anatase system in the present study were found to be in agreement with the data reported in the literature. 27, 35 The corresponding Eg for these systems was found to reduce to TABLE VI ). However, along Γ − direction, the bands became almost flat for both the doped systems indicating a very high value of mez. This theoretically calculated anisotropy in the effective mass of electrons was found to be in agreement with that of the experimentally observed anisotropy for Nb-doped anatase. 36 Addition of these dopant atoms was also found to increase the effective mass of holes, mhx and mhz along Γ − and Γ − directions respectively as compared to those of pure anatase (see VI ). Though increasing dopant concentration was found to increase mhx, however for mhz no such pattern was seen. Oi at this very small separation distance, which led an overall increase in the overall energy. The FIG . 17 and FIG. 18 show . 17 and FIG. 18] . Calculations for the native defects showed that O vacancies (for charged states 0, +1) and Ti interstitials (for all charged states) were associated with localized Ti 3d defect states in the band gap, whereas Ti vacancies and O interstitials formed delocalized O 2p states in the valence band.
The gap state was quite close to the conduction band edge in case of V " #$ and along with localized states, Ti interstitials also formed delocalized states in the conduction band (with fermi level located inside the conduction band for Tii and Tii +1 ). These factors explained the intrinsic conductivity in anatase. The most stable charged states for Ti and O vacancies, Ti interstitials were found to be -4, +2 and +4 respectively, indicating these as quadruple acceptor, double donor and quadruple donor respectively. O interstitial was found to form a stable dimer configuration with a lattice O atom. Moreover, oxygen deficient anatase was predicted here to be intrinsically n-type, whereas p-type anatase was predicted in O-rich conditions. Moreover, here
Oi was found to stabilize near the dopant atom, suggesting higher bond strength between the dopant and the oxygen atoms. Finally, an alignment of band diagrams for all the intrinsic and extrinsic defect states was carried out using slab-supercell calculation and employing vacuum as the reference potential.
